Abstract: Polyurethane formulations utilized as liners for composite propellants were prepared by the reaction of toluene-2,4-diisocyanate (TDI) and isophorone diisocyanate (IPDI) with hydroxyl terminated polybutadiene (HTPB), while polymer chains were further extended with neopentyl glycol diol, NPG triol and two different triols (monoglyceryl ricinoleate, MRG and trimethylolpropane, TMP). Liners were formulated with micronized titanium dioxide mechanically dispersed in hydroxyl-terminated polybutadiene (HTPB). The molecular structures of liners were confirmed by FT-IR. Thermal properties indicated that the nature of chain extender (crosslinker) only slightly affected the temperatures for decomposition of liners. Two main thermal changes were found at 370 ∘ C and another at around 440-500 ∘ C, depending on the chain extender utilized. On the other side, mechanical properties varied within the range of 0,7-1,8 MPa, consistent with this kind of elastomers. Tensile strength at break was only significantly affected with TMP and MRG-chain extended liners at the lowest concentrations tested of 1,3 and 2% (w/w), respectively. However, the behaviour depended on whether TDI or IPDI isocyanate was utilized for curing. TMP 1,3% crosslinked liner cured with TDI had a tensile strength of 1,82 MPa while MRG-crosslinked liner cured with IPDI had a tensile strength of 1,56 MPa. It was observed that at the higher NCO/OH ratios essayed, tensile strength and hard- 
Introduction
Polyurethanes have found an extensive use in numerous commercial applications, among them some very specific such as liners for composite propellant-filled rocket motors [1, 2] . The internal wall of rocket motor is coated with a layer of an insulating rubber which protects the motor against the high temperature of combustion. An adhesive liner is used to tack the propellant to the rubber layer [3] . These liners are polyurethane (PU) formulations which contain a chain extender and a mineral filler, which is cured with an isocyanate and a catalyst. Chain extenders have been extensively studied for polyurethanes. Incorporating chain extenders, such as diols of low molecular weight, in the gum stock formulas enhances the elastomeric properties of the resulting PUs, because the small diols react with diisocyanates and form hard domains to serve as physical crosslink for the PU systems [4] . Polyurethanes (PUs) based on HTPB, mixed with 1,4-butanediol (BDO) and cured with the diisocyanates 1,6-hexamethylene diisocyanate (HDI), dimeryl diisocyanate (DDI), trans-1,4-diisocyanatocyclohexane (CHDI), methylene bis(4-phenylisocyanate) (MDI) and TDI have been studied by Wingborg [5] . This author found that tensile strength increased strongly up to 2 mol of diols per mol of HTPB. In another study of the same author, HDI, dicyclohexylmethane 4,4´-diisocyanate (H 12 MDI) and IPDI were used to cure HTPB. PUs with IPDI and chain-extended with BDO displayed the lower tensile strength values of all isocyanates tested [6] . In this respect, although BDO is widely employed in polyurethanes based on polyether and polyester polyols, it was not reported to be a good choice for HTPB-based polyurethanes, owing to its poor compatibility with HTPB resins [4] . In PUs cured with TDI, H 12 MDI and IPDI but not crosslinked with a chain extender, parameters such as tensile strength, stress at 100% elongation and elongation at break decreased with NCO/OH equivalence ratio (r-values) [7] . When the triol triethanolamine was used as chain extender, in a PU matrix based on HTPB cured with IPDI, with carbon black as reinforcer and dioctyladipate as plasticizer, tensile strengths were between 0,4 and 1,5 MPa, and an elongation at break between 150 a 900% [8] . These values are in the same order than diol chain-extended PU liners. However, we focused on diols, as diamines significantly reduces pot life due to their higher reactivity.
Our PU liners were formulated with micronized titanium dioxide as mineral filler. This is because this oxide is preferred as it confers an adequate burning rate and Plateau-behaviour in pressure curves within a wide range of ammonium perchlorate particle sizes [9] . Mineral fillers are high-modulus additives sometimes used as reinforcing agents in polymeric materials. Several fillers have been considered for liners for rocket motors, among them carbon black, talc, cement and asbestos [2] . The effect of carbon black, silica, aluminium oxide and zirconium oxide was investigated for HTPB-based liners cured with IPDI [10] . Moreover, nanoclays have been utilized for improving PUs mechanical and thermal resistance properties, and are well-known in the literature [11] [12] [13] . This is a recent and interesting area of research for liner applications in rocket motor cases, which demands high thermal resistance that could be provided by nanoclays [14] .
Polyurethane liners are physically and chemically classified as segmented PUs. Segmented PUs are important commercial materials distinguished for the incompatibility of their soft (macrodiol) and hard (diisocyanate and chain extender) segments. The hard segments aggregate to form glassy or crystalline hard-segments domains in the soft matrix [15] .
It is well-known that PUs tend to exhibit phase separation where the soft segment units confer elastomeric behaviour while the microphase rich in hard segments provides physical cross-linking [16] . In general, phase separation improves mechanical properties of polyurethanes. There are several conditions that contribute to PUs phase segregation, such as the increase in soft segment molecular weight and the use of less polar soft segments like hydroxyl terminated polybutadienes [17] .
When it comes to structure-property relationships, these can be very complex. It was found that in a series of HTPB-based polyurethanes the binding of the hard segment and the flexibility of soft segments had subtle effects on the properties of stress-strain at break [18] . However, there some relationships that can be generalized, as for any PU as well, i.e. the more symmetric the molecules of diisocyanate and the chain extenders, the easier will the hard segments crystallise, and the higher will be the tensile strength. If the hard segments contain bulky aromatic or cycloaliphatic groups, the rigidity will increase, resulting in interchain steric hindrance [6] . For example, the asymmetry of the 2,4-TDI creates a disruptive influence within the hard segment structure, because of its isomeric asymmetry [19] . The mechanical behavior is affected by the multiphase nature of the elastomers, especially by the morphology of the hard segment domains [20] .
In addition to the microphase separation of segments, the macrophase separation of molecules with different composition has to be considered in discussing the PUs morphology and their properties. PU morphology shows a complex dependence on chemical composition, preparation method and sample history. There are no hard and fast rules for obtaining optimum polyurethane elastomer end products, success depends on good formulation selection with well chosen and appropriate processing parameters [16] . However, investigations of structure-property relationship for elastomers showed that the main determining factors which contribute towards observed properties were physical effective crosslink density, hydrogen boding, and crystallinity, mechanical properties structure of diisocyanates and chain extenders in PU backbone.
In this contribution we have prepared PUs with two different diisocyanates, namely toluene-2,4-diisocyanate and isophorone diisocyanate reacted with hydroxyl terminated polybutadiene and crosslinked with a diol and a two triols as chain extenders. We have chosen TMP, MRG and NPG as chain extenders. Thermal and mechanical properties were investigated to know how chain extenders influence these properties with the aim to derive structureproperties relationships depending on the structure of diisocyanates and chain extenders in PU backbone.
Methods

Reactives
Hydroxyl-terminated polybutadiene, HTPB (hydroxyl index 0,051 eq/100 g, Mw 3000 g/mol) was from Zibo Chemical Industry Co., China. An isomeric mixture of TDI was utilized as received from Petroquímica Río Tercero S.A (PRIII), Córdoba, Argentina. IPDI and dibutyl tin laureate (DBTL) were purchased from Sigma Aldrich Argentina. Titanium dioxide was of 99% commercial grade material, and was grinded up to a particle size in the range of 10-15 µm and used at 20% (w/w). MRG, TMP and NPG chain extenders were 99% pure and purchased from local suppliers.
Synthesis of polyurethane liners
HTPB was dried under vacuum at 80 ∘ C, for one hour. The corresponding chain extender was added in one step together with the micronized titanium dioxide and stirred at 250 rpm in a 500 ml glass reaction kettle under vacuum (5 mm Hg) for about 1 hour at room temperature (20 ∘ C).
After this period, this mixture was allowed to react with a calculated quantity of the diisocyanate viz. TDI or IPDI and catalyst DBTL and mixed under vacuum for 10 minutes more at the same temperature. Then the mixture was poured into preheated metal moulds. The curing was allowed to proceed at 70 ∘ C for 24 hours. The crosslinked polyurethanes were then used for testing. The composition of the PU liners synthesized is given in Table 1 . Liner with the following components: HTPB /TDI/MRG 4,2% was used as reference liner for properties comparison and analysis. Differential scanning calorimetry (DSC) studies were performed in a TA model Q20 apparatus. Samples (around 100 mg) were heated at 5 ∘ C/min under a nitrogen atmosphere.
FT-IR spectroscopy studies were performed to characterize PUs liners. A Nicolet 520 spectrometer with a KBr window was used, utilizing a Spectra Tech ATR (attenuated total reflectance) attachment with a horizontal ZnSe crystal. The collected spectra were analyzed by means of Omnic 3.0 software.
Tensile strength at break and elongation at maximum load were obtained utilizing a MTS DS/2 universal testing machine utilizing dumbbell-shaped probes, at a velocity of 50 mm/sec.
Results
PU elastomeric formulations used as liners for composite propellants were prepared using a fixed amount of HTPB and curative, varying the concentration of the chain extender (crosslinker). In Table 1 (above) we summarized the composition of PU synthesized. In Figure 1 (next), elastomeric materials were characterized by FT-IR spectroscopy.
The absence of the absorption bands at 2255 cm −1 and of OH groups indicated that NCO groups were totally consumed, and that chains had no NCO end groups. Methylene symmetrical stretching is clearly observed in all samples (2844 cm −1 ). Carbonyl absorption region is between 1600 and 1800 cm −1 . Bonded C=O stretching is cen- tered at 1700 cm −1 , and free C=O stretching is centered at about 1717 cm −1 [21] . Allophanate absorption signals, which could lead to the formation of covalent cross-linking points, were not found for liners having higher NCO/OH ratios.
Thermochemical Studies
In Figure 2 , DSC thermograms for three representative liner samples chain-extended with MRG, TMP and NPG and cured with TDI are shown. These are presented with the ∘ C regardless of the concentration of chain extender utilized. This behaviour was seen also for IPDI-cured samples with the three chain extenders utilized. Chen and Brill [22] pointed out that the initial exotherm results from the positive energy balance of the endothermic depolymerization process and the exothermic cyclization and cross-linking process of the HTPB that has not undergone depolymerization. The second main weight-loss step of HTPB is mostly the result of depolymerization of the cross-linked residue formed in the cyclization and cross-linking reactions of the first decomposition step. Accordingly, other authors stated that the first stage, related to the first weight loss, is due to the degradation of the hard segments as a consequence of the relatively low thermal stability of the urethane groups, whereas the second stage has been associated with the soft segment decomposition [23] [24] [25] . In our liners, this second peak was split in two exotherms at around 440 and 500 ∘ C. In agreement with our results, they observed that degradation rate became faster at temperatures above 300 ∘ C. The irregular shapes of the second exotherms (presence of a few overlapping peaks) indicated that few reactions were taking place simultaneously [26] . The existence of several thermal transitions in DSC analysis was reported to be characteristic of multiphased structured elastomers [20] . Ide [9] reported that HTPB binder melt characteristics varied with the curative used. They found that IPDI-cured HTPB PUs melted slowly over the range of temperatures from 330 to 370 ∘ C, and decomposed over a 10 ∘ C temperature range around 500 ∘ C. Our IPDI-cured and TDI-cured liners start decomposing in a well defined peak at 370 ∘ C and decomposed completely between 440 and 500 ∘ C and no other significant differences were observed on all samples under study. Siegmann et al. [20] pointed out that higher-high temperature transition reflects ordered domains for HTPB-based PUs. Our PUs softened gradually from room temperature up to 350 ∘ C (DSC showed only from 200 ∘ C). At 350 ∘ C, the first exotherm started to develop. No definite melting endotherm was found for our PUs. It was reported that Pus of low HS composition (less than 30%) were believed to have only discontinuous HS domains of a micellar nature in the SS solvent-like matrix, especially when the sequence length of the HS is short [27] . This may account to the absence of endotherm in our PUs. Krishnan and coworkers [28] reported that HTPB resin cured with diisocyanate showed a two-step thermal degradation under a nitrogen atmosphere. Urethane bonds were cleaved during the first step of decomposition. After urethane bonds were cleaved and the diisocyanate volatilized, they concluded that remaining cured HTPB behaved as though it had never been crosslinked.
In the Table 2 , decomposition temperatures for the rest of the liner samples studied are summarized for comparison, considering melting temperature as the temperature corresponding to the first endotherm, as the second one corresponded to the decomposition of degradation products from first stage and soft segments.
Decomposition of urethane links to form isocyanates and diols was also found by other authors to be between 200 and 370 ∘ C for PU foams obtained from bio-based polyol and four different isocyanates. In a second stage, between 350 and 500 ∘ C, they reported that isocyanates formed dimers or trimers that decomposed to form disubstituted ureas and isocyanurates. At temperatures higher than 500 ∘ C, products formed in the second stage decomposed completely forming volatile products and a char-like material [29] . The thermal degradation temperature of isocyanurate rings is ca. 300-340 ∘ C, while in the case of traditional polyurethanes, it does not exceed 250 ∘ C [30] . Our thermal studies are consistent with a low degree of isocyanurate chemical bonds in the structure of our liners, according to a NCO/OH ratio near to equimolar for the PUs synthesized and a low reaction temperature and relatively low curing temperature (70 ∘ C). Isocyanurate rings typical IR absorption bands were not observed at 1414-1416 cm −1 ; the isocyanurate rings are formed during synthesis when the ratio of NCO/OH groups is 2:1, and in our liners, maximal NCO/OH ratio was 1,4 (see Table 1 ). PU with hard segment (HS, chain extender plus diisocyanate units) content lower than 40% soften at considerably lower temperatures than materials with higher HS contents, indicating that HS ordering does not provide significant structural reinforcement for the PUs with a low HS content at high temperatures [16] . This is the case of our materials, as calculated HS content was always lower than 10%. Also, Król [26] pointed out that the higher the content of soft segment (SS) in a polymer is, the more stable the polymer is at elevated temperatures and the lower the initial rate of its degradation is, although not in every case. Again, as SS content was always around 90% in our liners, a higher stability at high temperature was observed. Liners in consistency with their high SS content, behaved as high thermal resistant PUs, as decomposition temperatures for the second stage are in the range of the 500 ∘ C.
It was reported that less thermally stable aliphatic IPDI than aromatic DIs, result in low ablation resistance. For this reason, HTPB-based PU cured with IPDI has been formulated with large amount (although depending on the formulations, generally larger than 50 wt%) of additives such as ablation fillers and flame retardants in order to improve performance of the liners [31] . Our results did not show significant differences in thermal resistance of the aliphatic and aromatic diisocyanates studied, probably due to the relatively high content (20%) of mineral filler titanium dioxide.
Król [26] reviewed that some researchers have found better thermal stability for higher cross-linking densities, while others have never observed such correlations. The impact from the type of the chain extender was also hard to establish explicitly, the more so as the increasing molecular weight of the extender changes the share of hard segments, as happened in our study, although within a narrow percentage.
It was also pointed out that the onset of thermal degradation in polyurethanes depends on several factors, such as type of PU, heating regime, presence of flames and type of atmosphere. However, in general, polybutadiene rubbers were reported to decompose at around 250 ∘ C giving a dark impermeable crust that excludes air, while further heating hardens the elastomer [32] .
Mechanical properties
In the following Table we summarized the results for the mechanical properties of liners under study, namely tensile strength and elongation at break. Our results indicated that mechanical properties were significantly affected with TMP and MRG at the lowest concentrations tested of 1,3 and 2% (w/w), respectively, respect to our reference liner formulation (HTPB/TDI/MRG 4,2%). However, the effect was seen with TMP only with TDI-cured liners but not for IPDI-cured ones, as apparently the crosslinking effect of TMP triol did not compensate for the lower mechanical strength imparted by asymmetrical IPDI. Conversely, the effect with MRG was observed with IPDI-cured liners and not for TDI-cured ones. Tensile strength at rupture for TDI-cured liner with TMP at 1,3% was 110% higher than with TMP at 4,2% (but NCO/OH ratio was 1,1 and 0,55, respectively). Thus the effect may be attributable only to more favourable NCO/OH ratio. On the other side, values for MRG chain-extended liners were almost invariable, and in close range between 0,76 and 0,87 MPa (NCO/OH ratio around equimolar, in the range between 0,8 and 1,2).
MRG-chain extended IPDI-cured liners followed the opposite behaviour: tensile strength was almost 30% higher for the higher concentration of 4,2% MRG than for 2% (NCO/OH ratio was 1,4 and 1, respectively). These results are correlated with obtaining better mechanical properties at an equimolar NCO/OH ratio (see Table 1 ), confirming that this parameter was more influential in determining mechanical properties rather than crosslinker or curative utilized, although not in every case (MRG-TDI n.r. >700
All samples have 20% (w/w) titanium dioxide. n.r.: no rupture of probes (3 repetitions) at maximal testing machine achievable extension.
liner had NCO/OH ratio near 1 and tensile strength was the lowest measured for all of the samples studied). This is not consistent with the fact that NCO/OH ratio of 1 is the best ratio for improving mechanical properties. Among its three compositions, the equimolar one has the best tensile strength as expected. The equimolar MRG-TDI formulation, as compared to the other equimolar formulations, has the lowest tensile strength because of the obvious changes in chemistry and structure. Although crosslinking due to the 3 hydroxyl groups, MRG has a very flexible 18-carbon long chain. This gives the hard segment a soft segment-like character, suggesting an explanation to the breaking of its IPDI materials. Such a long chain extender, would hardly allow for the formation of hard microdomains (physical crosslinks), which are better reinforcers than the chemical crosslinks. On the other side, with TMP and NPG-crosslinked liners cured with IPD, breakage was not observed under the specimen test conditions, regardless of NCO/OH ratio utilized. It is well known that reaction of difunctional components with TDI results in chain extension while that with a trifunctional component leads to network formation. Network formation reduces flexibility of the polymer while chain extension affects the flexibility to a much smaller extent. TMP as triol imparted higher tensile strengths at rupture than trifunctional MRG and NPG diol at the same NCO/OH ratio. IPDI-cured liners were very soft materials and did not break under the testing machine conditions utilized, except for MRG-chain extended liners. Siegmann et al. (1987) observed that higher degree of order was achieved with longer diols, which could account for this later MRG-chain extended liners. In an extensive and detailed study, TDI based polyurethanes showed higher tensile strength and lower elongation compared to MDI based PUs both for HTPB and PPG polymers tested. They studied thermal and tensile properties of similarly crosslinked PUs, but with a much higher HS content (17-20% vs. 10% in our case), corresponding to a molar ratio HTPB/TDI/TMP of 1:3:1,5; compared to our molar ratio (2,3:5,5:1,5). They found higher tensile strengths at break (2,75 to 3,5 MPa) than in our liners [19] . This can be attributed to the higher proportion of TDI, considering that the aromatic ring imparts stiffness to the material.
In our study, chain extender significantly influenced mechanical properties only in two of the samples studied, and apparently not depending on if TDI or IPDI curative was utilized. In these two cases, NCO/OH ratio was higher than 1. In the detailed and comprehensive study of Sekkar and coworkers [33] tensile strength values of 1,13 MPa and 0,94 MPa for HTPB-TDI and HTPB-IPDI PUs were reported respectively, both at a NCO/OH ratio of 1,4 (without any crosslinker or mineral filler). Tensile strength augmented nearly 60% for HTPB-TDI when NCO/OH ratio was increased from 1 to 1,5; while the increase for HTPB-IPDI PUs was 35%. Also Ramesh et al. [34] observed that tensile strength increased when NCO/OH ratio was increased from 1 to 1,4. Elongation of our polyurethanes decreased inversely to tensile strength, as expected, due to the higher amount of cross-linking, although not always proportionally. Vilar and Akcelrud [35] suggested that the fact that elongation at break did not follow this general trend may be attributed to the existence of crosslinks between polyfunctional HTPB chains. In linear polyurethanes, when mechanical forces are applied, changes in the orientation and mobility within the hard segments can occur, depending on the temperature. The initial hydrogen bonds can be disrupted and new, energetically more favorable bonds are formed, while structural changes occurs along the direction of the applied force. The tensile stress is then better distributed and as a result the overall resistance increases. For crosslinked polyurethanes the extent to which such changes can occur depend on the crosslink density. Crcsslinks could hinder chain realignment in the direction of the applied force.
Polyurethanes prepared by reaction of HTPB and diisocyanates such as MDI, TDI and others, keeping the NCO:OH ratio at 1:1 and using DBTL as catalyst at room temperature, are highly flexible, sticky, and have poor mechanical properties (tensile strength = 4-6 kg/ cm 2 ). To improve mechanical properties of these polyurethanes, a mixture of the inorganic fillers C-black, kaolin, and Sb 2 O 3 was incorporated. However, tensile strength did not exceed 1,6 MPa [36] . In our experiments with 20% (w/w) TiO 2 filled liners, maximal tensile strength found was 1,82 MPa for TDI-cured liner chain-extended with TMP at 1,3% (w/w). Although HTPB based PU generally exhibits low tensile strength and breaking strength at room temperature, they have superior viscoelasticity, tenacity, abrasion resistance, high gas permeabilities and excellent biodegradable [28] which enable them to be utilized for the exigent conditions required for rocket motor liners. In general, polybutadiene-based segmented polyurethanes generally have lower mechanical strength compared to conventional polyether or polyester analogues. For polybutadiene-based segmented polyurethanes, tensile strength of 10-20 MPa and elongation at break of 200-600% are considered good mechanical properties [15] . The values we obtained in this study are in accordance to what is expected for a PU intended to be used as liner for rocket motor cases [2] .
Conclusions
Triols TMP and MRG were expected to promote the formation of a high number of urethane links compared to diols, consequently improving mechanical and thermal properties. In our studies, thermal properties were not significantly affected by chain extender, isocyanate or NCO/OH molar ratio. Only NPG-chain extended liners showed a small increase of about 3-4 ∘ C in melt temperature, both with TDI and IPDI. Differential scanning calorimetric studies revealed the existence of several thermal transitions in second extoherm at 440-500 ∘ C, indicating that our elastomeric liners are multiphased. On the other side, mechanical properties were significantly modified, although not in every case. A significant increase in tensile strength was found for TMP-chain extended liners at the lowest concentration tested of 1,3% (NCO/OH ratio 1,1) respect to the other liners studied at similar NCO:OH ratios. These results supported the fact that TMP and MRG triols together with NPG diols can be used to tailor mechanical and thermal properties of liners, considering their different hydroxyl functionalities and chain lengths.
